A previous phylogenetic analysis based on 32 full-length sequences of herpes simplex virus type 1 (HSV-1) suggested three major phylogenetic groups (phylogroups) with distinct geographic distribution: (1) western strains from Europe and North America, (2) isolates from Asia and one American strain and (3) isolates from Africa only. Here, we sequenced the genomes of additional 10 clinical HSV-1 isolates from Germany, and subsequently compared these sequences to 40 published HSV-1 genomes. The present data demonstrate that HSV-1 is the most diverse human alphaherpesvirus (mean pairwise p-distance of 0.756 %) and confirm the tripartite tree. However, as the German isolates cluster with strains of both phylogroups I and II, it is demonstrated that the latter is also present in Europe and thus is a Eurasian phylogroup. Tree-order scans indicate that HSV-1 evolution is massively influenced by recombination including all investigated strains regardless of the areal distribution of the phylogroups. Numerous recombination events in the evolution of HSV-1 may also influence genotyping as the present HSV-1 genotyping schemes do not yield results consistent with phylogroup classification. Genotyping of HSV-1 is currently based on analyses of intragenic sequence polymorphisms of US2, glycoprotein G (gG, US4) and gI (US7). Each of the 10 German HSV-1 isolates displayed a different US2/gG/gI-genotype combination, but clustered either in phylogroup I or II. In conclusion, the phylogroup concept provides a HSV-1 typing scheme that largely reflects human migration history, whereas the analysis of single-nucleotide polymorphisms fails to render significant biological properties, but allows description of individual genetic traits.
INTRODUCTION
Herpes simplex virus type 1 (HSV-1) belongs to the genus Simplexvirus within the subfamily Alphaherpesvirinae of the Herpesviridae. Members of that subfamily are indicated by short replication cycles, fast host-to-host spreading and wide in vitro cell type specificity. All alphaherpesviruses are able to establish lifelong latency within neurons of sensory ganglia, including periodical endogenous reactivation.
The HSV-1 genome consists of a linear molecule of dsDNA with a total length of 152 kbp and a GC-content of approximately 68 % (McGeoch et al., 1988; Roizman & Sears, 1996) . The genome is complex and composed of unique sequences designated as 'unique long' (U L ) and 'unique short' (U S ). Each of these genomic segments is flanked by inverted repetitive elements called terminal (TR L and TR S ) and internal repeats (IR L and IR S ), according to their position. Additionally, the genome contains a repetitive segment called 'a-sequence', short tandem repeats (STRs) with a length of <100 bp and a variable number of tandem repeats (VNTRs) with an average length of >500 bp. There are numerous ORFs that potentially encode proteins -one conservative estimate is 74 proteins (Dolan et al., 1998) .
Genotyping of HSV-1, HSV-2 and varicella-zoster virus (VZV) is primarily based on the examination of intragenic single-nucleotide polymorphisms (SNPs) using RFLP analysis or sequencing. Buchman et al. (1978) used DNA fingerprinting by RFLP to successfully determine the origin and progress of a nosocomial HSV-1 infection. The method was then used to study the epidemiology of HSV-1 (Linnemann et al., 1978; Sakaoka et al., 1984 Sakaoka et al., , 1986 ) and HSV-2 IP: 54.70.40.11
On: Wed, 02 Jan 2019 00:22:43 infections (Buchman et al., 1979; Halperin et al., 1980; Mertz et al., 1988) and distinguished between latencyassociated reactivation and exogenous infections (Hammer et al., 1980; Landry et al., 1983; Lakeman et al., 1986) . Other RFLP studies investigated the possible association between the genotype and clinical diagnoses, patient data, clinical course of the disease as well as geographic origin of isolates (Chaney et al., 1983; Sakaoka et al., 1987; Umene et al., 1996) . RFLP methods are indeed capable of providing information of some SNPs at restriction sites and identify genetically similar groups of isolates, but fail to produce suitable phylogenetic relationships. Nowadays, an increasing number of studies use information based on sequencing data of single genes, subgenomic regions or the whole virus genome to define genotypes. Norberg et al. (2004) proposed three different HSV-1 genotypes, designated A, B and C, by analysing the sequence information of three genes encoding the glycoproteins I (gI), gG and gE. Based on these results, an RFLP genotyping method for routine differentiation between the defined genetic groups was developed (Norberg et al., 2006) . Another restriction-based genotyping scheme was established recently for the US2 gene (Glück et al., 2015) . Progress in next-generation sequencing (NGS) technology enabled whole-genome genotyping approaches (Kolb et al., 2011; Szpara et al., 2014; Parsons et al., 2015) . Based on whole-genome information, it was concluded that HSV-1 genotypes are strongly connected to geographic regions and could be used to track back early human migration patterns (Kolb et al., 2013) .
In order to expand the available sequence information and examine the consistency of existing genotyping systems, we determined the whole-genome sequences of 10 clinical HSV-1 field isolates collected in Germany. In addition, these sequences were phylogenetically compared to 40 published, (nearly) full-length HSV-1 genomes. Altogether, 50 sequences could be divided into three major phylogenetic groups, henceforth designated phylogroups. These groups correlate with the geographic origin of the isolates. Surprisingly, some of the German isolates clustered together with isolates from Asia. Additional analyses of the genotypes of US2, gG and gI indicate little or no correlation to the whole-genome phylogroups.
RESULTS

Selection and genotyping of clinical isolates
The Department of Virology and Antiviral Therapy of the Jena University Hospital provides a large repository of more than 400 HSV-1 field isolates collected in the past four decades. In order to choose 10 isolates for whole-genome analysis, we checked isolates for comparable features such as clinical diagnosis, equal gender distribution and traceable sampling place. Prior to whole-genome characterization, genotyping analyses based on single genes were performed for all 10 clinical isolates. Independently, all HSV-1 strains of our repository were genotyped using the same genotyping scheme (Glück et al., 2015) . For a fast RFLP genotyping of the genes US2, gG and gI, we amplified products of 469, 269 and 410 bp, respectively. Digestion of these amplicons with a combination of the enzymes EcoO109I for US2, PflMI and DdeI for gG and SacI and MlyI for gI, respectively, resulted in a fragment pattern that allowed assignment of each strain to one of the three genotypes A, B and C. In brief, genotyping of gG assigned four isolates to genotype A, and three each to B and C (Table 1) . Three strains were classified into each of the three genotypes for gI. Isolate 160/1982, however, showed a unique and atypical cleavage pattern as two fragments of 222 and 188 nt have been detected rather than fragments with a length of 222, 133 and 55 nt. This observation has been interpreted as intragenic recombination previously . Genotyping of US2 revealed three isolates of genotype A, four of B and three of C. Finally, 10 strains representing 10 different US2/ gG/gI genotype constellations were selected for whole-genome sequencing (Table 1 ). According to Glück et al. (2015) , the selection includes strains with more prevalent genotype combinations (e.g. A/A/A, A/A/B, B/B/B, B/B/A, C/C/C) as well as strains with rare combinations (B/C/B, A/A/C, C/B/C, C/C/A) and one untypable strain (B/A/-).
Genome assembly of clinical isolates
Two Illumina sequencing runs yielded 38.5 million reads with a mean of 3.8 million reads per library. Library 2158/ 2007 contained the highest number with a total of 7.90 million reads, whereas library 3083/2008 contained the lowest number with 1.83 million reads. A reference-guided mapping of each library against 32 HSV-1 reference genomes from GenBank (Table 2 ) was used to identify HSV-1-similar reads. The number of mapped read pairs ranged between 83 800 (2.2 %) and 1 920 212 (29.1 %) with a mean of 61 437 (15.9 %) (Table S1, available in the online Supplementary Material). De novo assembly produced an average of 43.3 contigs per library, ranging between 21 and 67. The length of the largest contig averaged 59 694 bp, and ranged between 44 719 and 64 715 bp. For genome reconstruction, contigs of each library have been aligned to NC_001806.2 using the NUCmer routine included in MUMmer3 software. On average, 14 (40.3 %) contigs covering U L , IR L , 'a', IR S and U S could be aligned to the reference. In order to determine sequence depth over genome positions, an additional mapping was performed. Libraries of all strains were mapped along a modified non-redundant version of NC_001806.2 containing only the segments U L , IR L , 'a', IR S and U S . The median sequence depth of all strains was clearly dependent on the respective genomic element, being stable in U L and U S while fluctuating in R-regions (Fig. S1 ). Especially VNTRs caused significant loss in sequence depth, and gaps were most frequently observed in these regions.
Whole-genome phylogeny and recombination
Phylogenetic relationships were analysed for 50 HSV-1 genomes, using a non-redundant genome alignment containing the segments U L , IR L , 'a', IR S and U S . Possible conflicting regions, such as VNTRs were removed, resulting in an alignment of 138 080 positions. This data set contained 8095 (5.86 %) variable sites and 3865 (2.79 %) parsimony-informative sites (Pi-sites). The mean overall pairwise p-distance was 0.756 % and the number of base differences per sequence from averaging over all sequence pairs was 1004.9.
Phylogenetic analysis provided both a phylogenetic net comprising split occurrence for all bootstrap replicates (Fig. 1a) , and a maximum-likelihood (ML) tree (Fig. 1b) . The phylogenetic net was constructed by combining all bipartitions or split events which have been observed in 250 000 bootstrap trees. Stable groups and branches with high statistical significance produced single lines, whereas net-like structures indicated conflicting phylogenetic grouping likely caused by recombination events. Three major phylogenetic groups with high bootstrap support and distinct geographical distribution were identified in both analyses and provisionally named phylogroup I, II and III. Phylogroup I contained 22 western strains isolated in Europe and North America. Phylogroup II comprised eight strains from Asia (Japan, South Korea, India and China), three from Germany, strain KOS from USA and strain L2 from Russia. Phylogroup III included 15 African strains. Seven of the newly sequenced strains from Germany grouped into phylogroup I and three in phylogroup II (Fig. 1) .
African strains exhibit a greater genetic diversity as indicated by an average of 913.2 (0.682 %) different bases in pairwise comparisons, whereas the sequences of phylogroups I and II show an average of 841.9 (0.634 %) and 700.3 (0.530 %) differences, respectively. The mean numbers of pairwise base differences between phylogroups were 941.8 (I vs II), 1169.3 (I vs III) and 1183.4 (II vs III). The mean pairwise p-distance of HSV-1 sequences was 0.756 %, the mean values derived for each group pair was 0.711 % (I vs II), 0.887 % (I vs III) and 0.889 % (II vs III). Sequencing of additional isolates may reveal additional phylogroups or sub-lineages.
Recombination is thought to be a major driver of herpesvirus evolution. In order to check for recombination, we conducted two tree-order scans, one using the U L -IR L -IR S alignment, genome partitions (sliding window size) of 15 000 bp and a step size of 1000 bp. The other scan was performed with the U S alignment; here, the sliding window was smaller (1000 bp) and the step size was 250 bp. As shown in Fig. 2a , b, numerous changes in tree arrangements were detected which is consistent with the assumption of past recombination events. None of the observed subgenomic phylogenies was congruent with the phylogenetic tree based on whole genomes (Fig. 1) . Definite phylogenetic discrimination between phylogroups was not possible in any observed window, including regions used for genotyping US2, gG and gI. In Fig. 2 , three individual strains were arbitrarily selected and highlighted to illustrate this lack of consistency (strain 134: phylogroup I, US2/gG/gI genotype CBB; strain RE: phylogroup II, AAB; strain E12: phylogroup III, AAB). Fig. S2 illustrates that the window size has an influence on the appearance of a tree-order scan if numerous Pi-sites are scattered along the genome. Recombination was observed within and between phylogroups, but members of the same phylogroup maintained closest relationship. Recombination was less frequent between African and non-African strains.
Comparison of genotypes in US2, gG and gI to the geographical phylogroups
In order to further elucidate the correlation of RFLP genotypes for US2, gG and gI and whole-genome phylogroups, we determined the in vitro or in silico derived restriction patterns of all strains and estimated the genotype frequencies within each phylogroup ( Fig. 3 and Table S2 ). Strains 160/1982 and E14 were excluded from this analysis, since they displayed unusual restriction patterns in US2 and gI, respectively. Genotypes B and C of all three genes prevailed with high frequencies in phylogroup I, whereas the genotype A of the three genes was dominant in strains of phylogroups II and III (except gI in phylogroup III). Genotype C in gG and gI was absent in the Eurasian strains, and African strains were negative for genotype C in US2 and for B and C in gG. The most frequent genotype constellations were B/B/B (5/21; 23.8 %), A/A/A (5/13, 38.5 %) and A/A/B (6/14, 42.9 %) for US2/gG/gI of phylogroups I, II and III, respectively (Table S2 ). Additional recombinant genotypes were present in all phylogroups; 11 US2/gG/gI constellations were observed in phylogroup I versus 5 combinations in phylogroup II and 6 in phylogroup III.
DISCUSSION
The advent of second-generation sequencing allowed rapid and highly parallel sequencing of millions of DNA molecules. Thus, an increasing number of HSV-1 whole-genome sequences became available in recent years and were used in comparative studies (Kolb et al., 2011; Szpara et al., 2014; Parsons et al., 2015) . Furthermore, whole-genome sequencing has been successfully applied for genotyping of other human herpesviruses such as HSV-2 (Newman et al., 2015) , VZV (Breuer et al., 2010; Zell et al., 2012) , Epstein-Barr virus (Palser et al., 2015) , human cytomegalovirus (Görzer et al., 2010; Sijmons et al., 2015) and human herpesvirus 8 (Olp et al., 2015) .
Genotyping of HSV-1 has been used for many years to characterize the genetic variability of circulating strains. Initially, RFLP methods based on specific digestion of genomic HSV-1 DNA by restriction enzymes were applied to compare different isolates in a number of molecular epidemiological studies [summarized by Norberg (2010) ]. However, the underlying sequence information was not available and manifold restriction patterns were observed that limited the practicability of this approach. When sequencing of genes or complete genomes expanded the range of defined SNPs for comparative studies, methods were developed that allowed genotyping depending on the amplification and phylogenetic analyses of specific genes or gene fragments [reviewed by Norberg (2010) ]. So far, sequence-based RFLP systems are available for three genes of the U S segment: US2 (Glück et al., 2015) , gG (US4) and gI (US7) (Norberg et al., 2006) . However, US2, gG and gI genotypes could not be related to clinical data (Duan et al., 2008; Schmidt-Chanasit et al., 2009; Harishankar et al., 2012; Sauerbrei et al., 2012; Glück et al., 2015) . *Sequences used for reference-guided assembly.
Genotyping of HSV-1 by whole-genome sequencing
In order to expand the knowledge of HSV-1 diversity and genotypes, the whole-genome sequences of 10 clinical isolates from Germany were determined. The dataset comprising 50 sequences from geographically distinct regions (Europe, North America, Asia and Africa) revealed a tribranched, unrooted tree with strong correlation of clustering and geographic provenance. The three major phylogenetic groups are consistent with a previous study (Kolb et al., 2013; Szpara et al., 2014) . In this study, however, the monophyletic African strains were assigned to four clades (III-VI), explained by their large genetic distances. Albeit these clades were reproduced in Fig. 1 , we propose to combine the monophyletic African strains into one group (phylogroup III) in order to emphasize the more intuitive tribranched tree. Further studies are needed to assess whether the concept of one pan-African phylogroup is appropriate or whether the division into sub-lineages is necessary. Considerable genetic distance of African strains was also described by Szpara et al. (2014) who presented a dendrogram of genetic distances with several continental groups including three African groups; monophyly of the African groups, however, was not shown.
Another odd strain is KOS, which was considered an exception from the observed geographical grouping (Kolb et al., 2013; Szpara et al., 2014) . The history of this strain impressively underlines the role of personal vitae on the interpretation of a strain's provenance. KOS was isolated from an American citizen who served duty in Korea during the Korean War (1950) (1951) (1952) (1953) (Grose, 2014) . Thus, the origin of strain KOS could be Korea, which is consistent with the phylogenetic results. Alternative hypotheses attribute KOS ancestry to indigenous Americans or to Asian immigrants of modern times (Kolb et al., 2013 appears to be less likely in light of the evidence of two other German isolates (66/2007, 1319/2005) as well as the newly sequenced strains RE and H166Syn, both isolated in the USA, and the Russian strain L2, that complement phylogroup II now (Fig. 1) . Phylogroup II is rather homogeneous as the average pairwise p-distance within this group equals 0.53 %, which is quite low in comparison to the other phylogroups, and 30 % lower than the mean genetic distance of HSV-1. This favours the idea of a relatively recent common ancestry.
The three major phylogroups are in accordance with the Out of Africa model, as proposed previously (Kolb et al., 2013) . Similar geographically clustered genotypes that roughly follow the Out of Africa model have been observed for VZV and were interpreted as a result of strong co-evolution between virus and isolated host populations (Muir et al., 2002; Grose, 2012; Zell et al., 2012) . The inter-strain variability of VZV was estimated to be about 0.11 %, using the average pairwise p-distance between 41 whole genomes . For HSV-2, this number was estimated to be 0.4 %, based on 34 whole-genome sequences (Newman et al., 2015) . With an average pairwise p-distance of 0.756 %, HSV-1 is the most diverse member of the human alphaherpesviruses. This high inter-strain variability of HSV-1 could be attributed to a longer history of diversification in comparison to HSV-2 and VZV or a higher substitution rate. HSV-1 is considered to be the result of coevolution alongside its hominid host for at least 6.2 million years, ranging back to a common ancestor with chimpanzee herpes simplex virus (Wertheim et al., 2014) . Besides genetic drift, inter-strain recombination is thought to be a major driver of HSV-1 diversity (Bowden et al., 2004; Norberg et al., 2004; Kolb et al., 2013; Szpara et al., 2014) . In our study, evidence of recombination was demonstrated by comparing phylogenies at different positions in our set of aligned HSV-1 sequences (tree-order scan). As shown in Fig. 2 , any violation of the branching orders of two neighbouring phylogenetic trees is indicative of a linkage disruption in the past evolution of HSV-1. It is surprising that the numerous recombination events did not obliterate the clear tripartite appearance of the phylogenetic tree (Fig. 1 ). This may be explained by the assumption that the majority of recombination events occurred among strains of the same phylogroup as a result of geographic isolation. Due to recombination, phylogenies of a single gene or a partition of the HSV-1 genome might be highly biased compared to the overall phylogeny. Less exchange with strains of other phylogroups was observed for the African strains and could indicate isolation of this phylogroup for quite a long time. Kolb et al. (2013) stated a 'recombination bottleneck' between African and non-African strains and suggested 'an Out of Africa model of human population spread with limited back remigration into Africa'. Human migration and travelling could terminate previous isolation and allow recombination of hitherto separated clades resulting in an increasingly blurred phylogeny.
Genotyping based on partial sequences of US2, gG and gI is likely influenced by recombination, too. Therefore, the different genotype combinations of these three genes (Table S2 ) may be used to characterize individual genetic traits of HSV-1 strains in order to address clinical problems as reviewed by Norberg (2010) . In fact, strains of phylogroup I showed a variety of genotype combinations for US2, gG and gI, and thus might have undergone an intense history of recombination. This is consistent with the phylogenetic net shown in Fig. 1a and the tree-order scan in Fig. 2b .
In contrast to phylogroup I, the Eurasian and African strains of phylogroups II and III reflect low diversity, whereas phylogroup II is characterized by the predominating genotypes A,C/A/A,B (US2/gG/gI) and the African strains exhibit A,B/A/B. The 21 western strains of phylogroup I, however, displayed a clear predominance of the B and C genotypes in any of the three genes (Fig. 3) . A recent prevalence study noted a proportion of 46.6 % of genotype A of the US2 gene and 39.7 % of the genotype combination A/A/A in a compilation of 423 German strains (Glück et al., 2015) . This collection was compiled over a period of more than 40 years, and is thought to have little if any sampling error due to its mere size and the long sampling period. If this presumption is true, the large proportion of genotype A of the US2 gene suggests that many of the European strains might fall into phylogroup II and their amount in the whole-genome dataset is currently underestimated. If so, another hypothesis might explain the source of strain KOS (Eurasian phylogroup II, genotype combination AAA): Besides the previous hypotheses, namely (i) ancient introduction into North America via the Bering land bridge by indigenous peoples or (ii) the more recent propagation by Asian immigrants (Kolb et al., 2013) and (iii) transmission of the virus during a Korea stay of a US citizen in the 1950s (Grose, 2014) , a further hypothesis (iv) assumes transfer of HSV-1 strains with AAA combination by European immigrants into North America in modern times. More whole-genome sequences are required to further elucidate prevalence and relationships of genotype combinations and diversity of both western and Eurasian HSV-1 strains. A direct and unambiguous correlation of geographic phylogroups and genotypes in US2, gG and gI is presently not possible.
In conclusion, whole-genome sequencing provides the most reliable information for the analysis of HSV-1 genetic diversity. The present set of whole-genome sequence data of HSV-1 allows phylogroup assignments and can be used for geographical clustering. More sequence data of various geographic regions are needed to assess the genetic diversity of HSV-1 adequately. However, for the majority of clinical specimens, whole-genome sequencing is not applicable for routine genotyping, since many labs do not perform virus propagation in cell culture and NGS and sequence data analysis is costly and time-consuming. An RFLP genotyping system that clearly reflects phylogenetic properties of whole genomes appears to be impracticable for HSV-1 due to the frequent recombination events in the past evolution of this virus. The current genotyping system for US2, gG and gI provides only minimal clinical information and fails to reflect whole-genome properties, such as geographical clustering. Its necessity and value are therefore restricted to the description of individual genetic traits. 
METHODS
Isolates, propagation and DNA preparation. The ten HSV-1 strains of this study were isolated between 1982 and 2010 from swab materials. All patients or their parents gave consent for specimen collection. At the time of isolation, the patients' ages ranged between 1 and 43 years with a mean age of 19 years. All patients originated from Germany and their gender distribution was equal. Six of the patients suffered from eczema herpeticum and one from herpes labialis, while three diagnoses were missing. A summary of patients and strain data is provided in Table 1 .
All strains were isolated and propagated in Vero76 (ATCC CRL-1587), rabbit testis primary (RTP) or human embryonic lung fibroblasts (HELF) cell cultures. After one up to three passages, the virus-containing cell culture supernatants were long-time cryoconserved at À80 C. For usage in this study, the isolates were additionally propagated in stepwise increasing flasks containing Vero76 monolayer cell cultures. Eagle's minimal essential medium (EMEM) was used as growth medium and contained the additives L-glutamine (2 mM), non-essential amino acids (1Â), HEPES (25 mM), FBS (5 %), penicillin (100 U ml
À1
) and streptomycin sulfate (100 µg ml À1 ).
After freezing and thawing the culture flask three times, the final amount of 150 ml culture medium was centrifuged at 6000 g for 10 min at 4 C to separate fragments of lysed Vero76 cells from supernatants containing virions. Subsequently, the pellet was discarded and the supernatant was used for ultracentrifugation at 235 000 g for 2.5 h at 4 C. The sediment was suspended in 500 µl PBS for DNA extraction. DNA preparation was carried out using the QIAamp Blood kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions.
Genotyping of US2, gG and gI. Extracted DNA from each strain was used to determine the genotype of US2, gG and gI by RFLP analysis. Genotyping of US2, gG and gI has been described previously Glück et al., 2015) . Further, genotypes were determined for additional 40 HSV-1 reference sequences (Table S2 ) using in silico analysis of the respective gene sequences.
Whole-genome sequencing. For sequence determination of the HSV-1 isolates, we used the Illumina sequencing technology. In detail, approximately 2 µg of the viral genomic DNA was fragmented using the Covaris M220 Focused-ultrasonicator to obtain fragments with a length of approximately 600 bp. An amount of 500 ng of fragmented DNA was then used for library preparation using TruSeq DNA LT Sample Prep kit (Illumina) following the manufacturer's instructions. In case of excessive occurrence of molecules <500 bp, a size selection was accomplished via agarose gel electrophoresis (cutting out slices at around 500-700 bp) in order to exclude short-sized molecules. After amplification, the library was qualified and quantified using the Agilent 2100 Bioanalyzer and the Agilent DNA 7500 kit (Agilent Technologies). Sequencing was done using Illumina's MiSeq sequencer and the MiSeq Reagent kit v2, running the device in 2Â150 cycle paired-end mode. A number of twomultiplexed sequence runs were performed, each including five HSV-1 libraries.
Genome assembly. In order to produce whole-genome sequences, the raw sequence information, present as paired-end reads, was assembled to larger contigs using CLC Assembly Cell (CLC Bio, http://www. clcbio.com). Prior to assembly, a mapping strategy was applied to guarantee the selection of read pairs representing viral genomic DNA and exclusion of those from host cell DNA. For each isolate, mapping of all read pairs against 32 available full-length or partial HSV-1 genomes from NCBI database ( Table 2 ) was performed using BLAT (Kent, 2002) with low stringency settings (minScore=20, minIdentity=70 %). Subsequent de novo assembly was carried out including only read pairs with at least one mappable mate.
Contigs were aligned along the reference sequence NC_001806.2 and rearranged using the NUCmer package contained in MUMmer 3.0 [Kurtz et al. (2004) , http://mummer.sourceforge.net] with the option 'maxmatch' and a minimal cluster length of 80. Quality improvement was achieved by direct comparing and correcting of flanking reiterative elements TR L /IR L and TR S /IR S , respectively. For coverage analysis, the final sequences of all strains were mapped along the reference NC_001806.2 using 454 Sequencing System Software (v2.6; Roche) with default settings. Genome regions without sufficient data coverage were marked as gap by insertion of Ns according to the respective reference length, except for gaps caused by VNTRs (insertion of 100 Ns). Sequences were annotated in Geneious 9.0.5 software package [Kearse et al. (2012) , http://www.geneious.com] using NC_001806.2 as template and uploaded to the European Nucleotide Archive (ENA) (accession nos: LT594105-LT594112, LT594192, LT594457).
Phylogeny and recombination analysis. To evaluate the existing phylogenetic relationships between the clinical strains included in this study, genetic information based on DNA sequences was compared. Additionally, 40 partial-or whole-genome-HSV-1 sequences from NCBIs GenBank were included (Table 2) . VNTRs, replication origins and repetitive regions TR L and TR S were excluded prior to analysis. This resulted in non-redundant sequences comprising the segments U L -IR L -'a'-IR S -U S , in the designated order. Subsequently, sequences were aligned using MAFFT version 7 [Katoh & Standley (2013) , http://mafft. cbrc.jp/alignment/software] with the L-INS-I option, resulting in an alignment of 138 080 bp. For ML tree inference, we used the program IQ-TREE 1.4.2 [Nguyen et al. (2015) , http://www.cibiv.at/software/iqtree] with GTR as substitution model assuming invariant sites and gamma distribution (four gamma categories). A built-in model test, calculating Akaike information criterion (AIC) and Bayesian information criterion (BIC), was used to select the optimal substitution model. Rapid bootstrap support was provided through 250 000 ultrafast bootstrap replicates (Minh et al., 2013) . FigTree 1.4.2 (http://tree.bio.ed.ac.uk/ software/figtree) was used for editing and visualization of the trees. IQ-TREE computed the support values for bipartitions by analysing their occurrence frequencies in all bootstrap trees and constructed a phylogenetic network that could be visualized in SplitsTree4 [Huson & Bryant (2006) , http://www.splitstree.org]. The number of base differences and the p-distance between sequence pairs and averaged over sequence groups, respectively, was calculated with MEGA6 [Tamura et al. (2013) , http://www.megasoftware.net] using the option for pairwise deletion. For recombination analysis, a sliding window phylogeny along the genome was conducted employing TreeOrder scan as implemented in SSE 1.2 [Simmonds (2012) , http://www.virus-evolution.org/Downloads/Software]. A sliding window size of 15 000 bp with step size of 1000 bp was selected for the U L -IR L -IR S alignment and for U S a sliding window size of 1000 bp and a step size of 250 bp, respectively. Bootstrap threshold was set to 70 % from 100 replicates and strain E03 was used as outgroup.
